Surveillance of hepatocellular carcinoma (HCC) can detect small tumors for resection but at a huge cost of health resources. The challenge is to reduce the surveillance population. We reported that 96% of HCC patients but only 24% of controls were infected with the hepatitis B virus (HBV) with A 1762 T, G 1764 A mutations in Guangxi, China. It is likely to be extremely beneficial in terms of cost and resources if a significant number of tumors can be detected early by screening this selected population. Our aim is to test this hypothesis.
INTRODUCTION AND BACKGROUND
Hepatocellular carcinoma (HCC) is the fourth most common cause of cancer mortality worldwide and the third most common in men (1) . The incidence of HCC is not uniform across the world but varies according to the prevalence of underlying liver diseases. The highest incidence of HCC is seen in China (2) . Surgery remains the only curative modality for HCC but a large percentage of cases are not suitable for surgery because of intrahepatic or distant metastases at the time of diagnosis. However, 5-yr survival rates of 61.3% have been achieved for resection of small HCCs in China (3) . Recent studies suggest that surveillance of HCC by regular testing for serum alphafetoprotein (AFP) and/or ultrasound (US) imaging can detect HCC at an earlier and (probably) resectable stage, which may be translated into improved survival (4, 5) . However, a population-based HCC surveillance program would place a huge demand on public health resources and be impractical in most countries. The challenge is how to identify the population at highest risk of HCC. Chronic hepatitis B virus (HBV) infection is the most important etiology of HCC in Asia (6) . In China, individuals aged over 35 yr and with serological evidence of HBV infection (positive for hepatitis B surface antigen, HBsAg) are currently considered to be the population at highest risk for HCC (5) .
The mechanisms of oncogenesis of HBV remain obscure. However, attention has been focused on viral factors associated with the development of HCC, including HBV A Predictive Biomarker for HBV-Associated HCC 2255 genotype, viral load, and the occurrence of specific mutations in the HBV genome. HBV can be divided into eight different genotypes (designated by capital letters A to H) based on an intergroup divergence of 8% or more in the complete nucleotide sequence (7, 8) . HBV genotypes vary in their geographic distribution and have been reported to have clinical relevance (9) . Genotypes B and C are predominant in Asia (10) but their precise significance in terms of development of HCC remains controversial (10) (11) (12) (13) . Several studies have shown that high viral loads, specifically titers of viral DNA in serum above 10 4 -10 5 genome copies/mL, are associated with the development of HCC (10, 14, 15) . The common precore mutation (G 1896 A), mutations in enhancer II (C 1653 T) and the basal core promoter (BCP; T 1753 V and the double mutations, A 1762 T, G 1764 A), and deletions in the pre-S region (13, 14, 16) have been reported to be associated with the development of HCC. Perhaps the most convincing association is with HBV with double mutations in the BCP (17) (18) (19) (20) (21) .
In our initial study (17) , we found BCP double mutations in HBV DNA from serum and/or tumor tissue of 13 of 14 HCC patients but only 3 of 11 asymptomatic controls. In a follow-up study (18) , 35 of 36 HCC patients, but only 9 of 39 asymptomatic carriers, were found to be infected with HBV with BCP double mutations. Overall, we found the mutations in HBV from 96% of HCC patients, but only 24% of controls, from Guangxi, China.
As mentioned above, the key to achieve cost-effectiveness for screening is to identify the population at highest risk and currently, in Guangxi, China, it is practical to consider HBsAg-positive men aged >30 yr as the population at highest risk (22) (23) (24) . Our previous studies suggest that only around one-quarter of them are infected with HBV variants with double mutations in the BCP (18) . Therefore, it is likely to be extremely beneficial in terms of cost and resources if a significant number of tumors can be detected early by screening this selected population.
We hypothesize that, in Southern China and perhaps elsewhere in the world, BCP double mutations constitute a valuable biomarker for screening carriers of HBsAg in order to identify the subset at highest risk of developing HCC. To test this hypothesis, we have embarked on a prospective study of HBsAg-positive adults living in Long An county, Guangxi, one of the regions of China with the highest annual incidence of HCC (25) . Here, we report the results of 36 months of follow-up.
STUDY SUBJECTS AND METHODS

Study Population
Study subjects were recruited from agricultural workers aged 30-55 yr living in the rural area of Long An county, Guangxi, China. Informed consent in writing was obtained from each individual. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki and has been approved by the Guangxi Institutional Review Board and the UCL Committee on the Ethics of Non-NHS Human Research (Project number 0042/001).
Our Chinese study team comprises doctors from the Centres for Disease Prevention and Control (CPDC) of Long An county and the CPDC of Guangxi Province. Individuals aged 30-55 yr resident in 128 villages throughout Long An county were selected for testing for HBsAg using stratified sampling. In brief, the entire county was divided into 128 strata according to village and 25% of individuals aged 30-55 yr were selected randomly from each stratum. From March 1, 2004 , the study teams traveled to 128 villages in each of the 12 townships of Long An county to visit and inform agricultural workers aged 30-55 yr and take a 3-mL sample of blood by venepuncture for screening. All samples were tested for HBsAg and those positive were tested in China for AFP to exclude pre-existing HCC and for HBV DNA using nested polymerase chain reaction (PCR). We also detected anti-HCV and excluded those positive to eliminate the confounding effect of HCV infection on the incidence of HCC. We started to follow up our study subjects from July 1, 2004. Each study subject completed a one-page questionnaire at the first visit and provided a serum sample every 6 months for the assessment of virological parameters and AFP concentrations, and is monitored for HCC by US. All cases of HCC diagnosed were confirmed at the Medical University of Guangxi, the Cancer Institute of Guangxi, or the Hospital of Guangxi (Nanning). The diagnosis was made by one or more of the following: (a) surgical biopsy; (b) elevated serum AFP (levels ≥400 ng/mL), excluding pregnancy, genital cancer, and other liver diseases including metastasis of tumors from other organs, plus clinical symptoms or one image (US or computed tomography, CT); (c) elevated serum AFP (levels <400 ng/mL), excluding pregnancy, genital cancer, and other liver diseases including metastasis of tumors from other organs, plus two images (US and CT) or one image (US or CT) and two positive HCC markers such as DCP, GGT II, AFU, CA19-9, etc.
Serological Testing
Sera were tested for HBsAg, HBeAg/anti-HBe, anti-hepatitis C virus (HCV), and AFP using enzyme immunoassays (Zhong Shan Biological Technology Company, Limited, Guangzhou, China). Alanine aminotransferase (ALT) levels were determined using a Reitman kit (Sichuan Mike Scientific Technology Company, Limited, Chengdu, China).
Nested PCR for HBV DNA and Nucleotide Sequencing DNA was extracted from 85-µL serum by pronase digestion followed by phenol/chloroform extraction. First round PCR was carried out in a 50-µL reaction using primers B935 (nt 1240-1260, 5 -AACCTTTGT GGCTCCTCTG-3 ) and MDC1 (nt 2304-2324, 5 -TTGATAAGATAGGGGCATTTG-3 ), with 5-min hot start followed by 30 cycles of 94
• C for 30 sec, 50
• C for 30 sec, and 72
• C for 90 sec. Second round PCR was carried out on 5 µL of the first round product in a 50-µL • C for 30 sec, 55
• C for 30 sec. The purpose of the nested PCR above was to derive as much nucleotide sequence data as possible from the BCP and surrounding region. However, the BCP is very close to the 5 end of the minus strand of genomic DNA and the PCR spans that discontinuity, resulting in a detection limit of around 10 3 -10 5 genomes/mL (and this is confirmed by our viral load data). Therefore, negative samples were retested using a modified nested PCR that did not span the 5 ends of the genome. The primers were (first round) P2 (26) (nt 1823-1806, 5 -CCGGAAAGCTTGAGCTCTTCAAAAAGTTGCATGGT GCTGG-3 ) and XSEQ1 (nt 1547-1569, 5 -CCCC GTCTGTGCCTTCTCATCTG-3 ) and (second round) CPRF1 and MDN5R (nt 1794-1774, 5 -ATTTATGCCT ACAGCCTCCT-3 ); otherwise, the parameters for PCR were as described above. To determine the sequence at nucleotide position 1653, samples were amplified using the original PCR described above but substituting primer XSEQ1 for CPRF1 in the second round.
Products from the second round were confirmed by agarose gel electrophoresis and then purified using the GenElute PCR Clean-up Kit (SIGMA, St. Louis, MO) according to the manufacturer's instructions. Cycle sequencing was carried out directly on 2-µL purified amplicons DNA using primer CPRR1 (products from original PCR) or CPRF1 (products from modified PCR) and a BigDye Terminator V3.1 Cycle Sequencing Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions.
Statistical Methods
Statistical comparisons of the prevalence of BCP double mutations between men and women and across the different age groups, and the analysis of the occurrence of nucleotide 1653 and 1753 mutations in individuals with HCC and controls, were performed using χ 2 tests. Associations between preexisting double mutations and the development of HCC were tested for significance using Poisson regression models, after adjusting for the potential confounding effects of age and sex, and with the (log) follow-up time offset, using SAS version Male versus female (HBsAg positivity rate): χ 2 = 89.737, P < 0.001.
9.1 (SAS Institute, Cary, NC). For these analyses, follow-up was considered from the time of entry in the study until the development of HCC or last follow-up visit, whichever occurred first. All P values were 2-tailed, and P < 0.05 was considered to be significant.
RESULTS
Grouping of Study Subjects
In order to identify study subjects, 27,340 individuals in Long An county, Guangxi were tested for HBsAg; 14.5% were positive. The overall prevalence was significantly higher in men (16.7%) than women (12.6%) and declined markedly with age in both genders ( Table 1 ). All HBsAg-positive serum samples, except those that were AFP positive, were tested in China for HBV DNA using a nested PCR designed to amplify the BCP and precore region. A total of 1,596 were positive and included in the study cohort. In order to ensure sufficient samples for stratification analysis, we enrolled according to stratified sampling 1,402 HBsAg-positive individuals who were found HBV DNA-negative in China. These samples were retested in London using a more sensitive, modified nested PCR (see Methods) to amplify the BCP while avoiding the gap in genomic HBV DNA. A sufficient quantity of the baseline sample remained for this analysis in 1,033 of the 1,402 cases. Only 246 samples were negative using both assays. The nucleotide sequences of the products of both sets of positive PCR reaction were determined (the sequence of 29 samples could not be determined and therefore were grouped as HBV DNA not detected): 1,001 were wild type at positions 1762/1764, 1,257 had the specific mutations A 1762 T, G 1764 A, and 96 had other mutations at these positions or were positive for anti-HCV. The last group included 69 with the single mutations A 1762 T or G 1764 A, 12 with other single or double mutations at these positions, and 8 with deletions of up to 9 nucleotides (Table 2) . We divided the study subjects into the mutant group (double mutations, 1,261 individuals) and wild-type group (997 individuals). Their mean ages were 39.5 ± 6.8 yr (± standard deviation) and 37.6 ± 7.1 yr, respectively. With further stratification according to gender, there were 702 men in the mutant group and 561 in the wild-type group, and their mean ages were 38.6 ± 6.6 yr and 37.1 ± 6.9 yr, respectively. There were 559 women in the mutant group and 436 in the wild-type group and their mean ages were 40.6 ± 6.9 yr and 38.3 ± 7.4 yr, respectively (Fig. 1) . Of the 2,998 recruited initially, 740 were excluded: 638 because the BCP sequences could not be determined at baseline, 13 who were anti-HCV-positive, and the 89 whose BCP sequences were neither wild type nor had the specific mutations A 1762 T or G 1764 A. As controls, we also followed up 2,460 HBsAg-negative individuals matched to the individuals in the study cohort in terms of sex, age, and neighborhood.
The Epidemiological Characteristic of BCP Mutations
In order to confirm the accuracy and reproducibility of the tests for the BCP double mutations, we re-amplified and sequenced the BCP region of HBV from 99 study subjects using the same baseline serum samples and the results are consistent. The prevalence of the mutations A 1762 T, G 1764 A is the same (53.7%) in men and women ( Table 2 ). The prevalence tends to increase up to 35 yr of age (Table 3 ) and parallels a decline in the prevalence of HBeAg and a rise in anti-HBe (Fig. 2) . These presumed seroconversion events seem to be particularly common between the ages of 25 and 35 yr. However, because the BCP mutations downregulate, rather than abrogate completely, the synthesis of HBeAg, the correlation between anti-HBe and the BCP mutations is somewhat poor. For example, BCP mutations may be found in individuals with detectable HBeAg. Conversely, some individuals have anti-HBe in serum but wild-type BCP sequences.
Incidence of HCC During 36 Months of Follow-Up
Sixty-one cases of HCC were diagnosed in the study cohort up to 36 months of follow-up (Table 4 , Figs. 1 and 3) , 54 are in the mutant group, and only 7 are in the wild-type group, giving HCC rates of 1,463.4 versus 235.14/100,000 person-years. The difference is significant (P < 0.001), showing a strong association between the mutations and the development of HCC (rate ratio [RR] = 6.23).
With further stratification according to gender, 42 male cases are in the mutant group and 3 in the wild-type group, with rates of 2,067.9 and 179.1/100,000 person-years, respectively. Again, the difference is significant (P < 0.001), showing a very strong association between the mutations and the development of HCC (RR = 11.54). Specifically, 93.3% (42/45) of the male cases in the cohort are infected with the mutant type, suggesting that BCP mutations (A 1762 T, G 1764 A) may be a good biomarker to identify a subset of male HBsAg carriers at extremely high risk of HCC. Fewer cases of HCC have been diagnosed in the female study subjects, 12 mutant and 4 wild type (P > 0.1) and further statistical analysis is not appropriate. The significance of the mutations for women should become clear with a longer period of follow-up. Three additional cases of HCC occurred among the 740 individuals excluded from the analysis, a man and a woman whose BCP sequences could not be determined and a woman with a deletion (8 nt) in the region of interest.
In the HBsAg-negative control group, only one (male) developed HCC, confirming that persistent HBV infection is the major cause of HCC in this region. These data confirm our hypothesis that the mutations may be used as a biomarker to identify men in Guangxi, and perhaps elsewhere in Asia, at high risk of developing HCC.
Risk Factors of HCC
Male sex, older age, and BCP double mutations at baseline were all significantly associated with an increased rate of development of HCC in univariable analyses (left-hand panel, Table 5 ). There was also an apparently protective effect of baseline HBeAg, although this association did not reach statistical significance (P = 0.06). Neither anti-HBe nor abnormal ALT levels at baseline were associated with the development of HCC. In a multivariate analysis, male sex, older age, and BCP double mutations continued to be significantly associated with an increased development of HCC (middle panel, Table 5 ). Similar results were obtained when analyses were restricted to men only (right-hand panel, Table 5 ), with BCP double mutations and increasing age being independently associated with the development of HCC whereas no Figure 2 . Prevalence of the A1762T, G1764A mutations, HBeAg, and anti-HBe with age. associations were found with HBeAg, anti-HBe, or abnormal ALT concentrations.
Association With HCC of Other Mutations in the BCP and Enhancer II
Mutations at nucleotide (nt) 1653 from C to T and nt 1753 from T to A, G or C (T to V) have been reported to be associated with severe chronic hepatitis B and the development of cirrhosis and HCC (13) . In order to determine the prevalence of these mutations in our study cohort and whether they also may be candidate biomarkers for HCC, we amplified and sequenced the X region of HBV from the study subjects with HCC and controls. The total prevalence of the C 1653 T mutation from cases and controls is 20% (12/60) and that of T 1753 V is 28.4% (29/102) ( Table 6 ). The differences between HCC cases and controls are not significant at either position. Almost all mutations at nt 1653 and nt 1753 are co-incident with the A 1762 T, G 1764 A mutations. While it was intended that all cases would be individually matched to a control (by sex, age, neighborhood, and BCP sequence), this was not possible for all cases (two for nt 1653 and one for nt 1753). Thus, the main analysis (χ 2 test) incorporated all available cases and controls but did not take account of the matching. However, a sensitivity analysis, which included only those cases and controls that were matched successfully (28 for nt 1653 and 33 for nt 1753) and used McNemar's test to take account of the matching, reached similar conclusions.
DISCUSSION
To our knowledge, this prospective study is the first designed to determine whether the incidence of HCC in subjects infected with HBV with BCP double mutations is significantly higher than that in subjects infected with HBV with wild-type BCP and to clarify whether these double mutations constitute a valuable biomarker of an extremely high risk of developing HCC. After 36 months of follow-up, our data show that, in men aged >30 yr, these mutations are an etiological risk factor of HCC. Of note, 93.3% of male cases were infected with mutant HBV, suggesting that the A 1762 T, G 1764 A mutations are a valuable biomarker to identify a subset of male HBsAg carriers aged >30 yr at extremely high risk of HCC. The major weakness of this study is that the role of viral loads, which have been reported to be associated with the development of HCC (10, 14, 15) , has not been studied in detail because of the high cost of quantitation, although measurement of viral loads in a representative sample of individuals from this cohort showed that the BCP double mutations are not associated with higher viral loads (in fact, HBeAg-positive individuals with BCP double mutations have significantly lower viral loads than those with wild-type HBV; data not shown).
Another weakness is that, with this limited period follow-up, it is not clear whether the BCP double mutations are associated with the development of HCC in women, because only a small number of HCC cases has been diagnosed because of the lower incidence of HCC in women (HCC is approximately four times more common in men than women). Although HBV genotypes have been reported to be of clinical relevance (9) , their role in the development of HCC remains controversial (10) (11) (12) (13) (14) 27) . Furthermore, our random genotyping of this cohort shows that the distribution of genotypes in subjects without HCC is similar to that in HCC (data not shown). Therefore, we did not determine the HBV genotype for all study subjects. The incidence of HCC in HBV cirrhotic patients has been found to be greater than in non-cirrhotic patients (28) . In this study, 67 individuals were known to have cirrhosis and 39 of the 61 HCC cases occurred in individuals with cirrhosis (data not shown). However, BCP double mutations, per se, are an independent risk factor for the development of liver cirrhosis (18, 29) and cirrhosis was not included in this analysis.
Because Chu et al. (19) and we (17) reported that BCP double mutations are associated with the development of HCC, there have been many studies that confirm these findings (14, 20, 21) . It has been suggested that the double mutations may serve as a useful molecular marker for predicting the clinical outcomes of patients with chronic hepatitis B (21) and might contribute to the gender difference in the progression of liver disease in HBeAg-negative chronic hepatitis B (30) . A retrospective nested case-control study showed that the BCP double mutations were statistically significantly associated with HCC risk, even after adjusting for ALT levels, anti-HBe, HBV genotype, HBV viral load, and other sequence variants (31) . However, these are all cross-sectional or case-control studies and cannot prove the etiological relationship between BCP mutations and the development of HCC, or determine the incidence of HCC. One retrospective longitudinal analysis determined that the patients had these mutations prior to diagnosis of HCC (32) and confirms that the BCP mutations play an etiological role in the development of HCC. However, this is a small retrospective study (120 study subjects); sampling bias could not be avoided and it was not possible to determine the incidence of HCC in the BCP mutant and wild-type groups. Our prospective study overcomes all of these problems.
Other studies have suggested that the core promoter mutations C 1653 T and T 1753 V also are associated with the occurrence of severe hepatitis B and development of HCC, although their prevalence is lower than that of the A 1762 T, G 1764 A mutations (13, (33) (34) (35) . In this study cohort, the C 1653 T and T 1753 V mutations were detected less frequently (20-28.4%) than the A 1762 T, G 1764 A mutations and the differences between HCC cases and controls are not significant for either. Furthermore, the C 1653 T and T 1753 V mutations occur almost invariably on the background of the A 1762 T, G 1764 A mutations. Therefore, we conclude that the A 1762 T, G 1764 A mutations are a valuable biomarker to identify those male HBsAg carriers who should be monitored regularly for signs of tumor. It might seem that the value of this biomarker is limited, given that the mutations were detected in around half of the HBV DNA-positive individuals in our cohort. However, we believe that this extremely high prevalence of the mutations is attributable to our conducting this prospective study in an area among the highest in the world in terms of annual incidence of HCC. Our earlier studies (17, 18) reported a prevalence of the mutations in around one-quarter of HBV DNA-positive individuals elsewhere in Guangxi and studies in neighboring provinces show a prevalence ranging from 10% (Guangdong) (36) to 30% (Hunan) (37) . Therefore, we consider it worthwhile to screen HBsAg carriers for the mutations in areas where there is a high annual incidence of HCC. Currently, in Guangxi, China, HBsAg-positive men aged >30 yr are considered as higher risk population of HCC (22) (23) (24) and recommended to undergo regular surveillance for HCC. Considering the high prevalence of HBsAg and the limited public health resources in Guangxi and in other highly endemic areas, it is recommended to narrow down further the number of subjects requiring surveillance for HCC using the biomarker of BCP double mutations, despite that this will result in failure to detect around 7% of HCC cases, which occur in the male population infected with HBV with wild-type BCP sequences.
We found at baseline that the prevalence of HBV with BCP double mutations increases with age and differs significantly between age groups 30-34 and 35-39, and 35-39 and 40-44. In future, we will repeat the assays on samples collected longitudinally to determine the rate at which this shift occurs and whether wild-type HBV re-emerges in individuals in whom the variant viruses were selected previously.
High viral loads (≥10 4 copies/mL) have been reported to be associated with the development of HCC (10, 14, 15) and also are of importance in this study cohort. As described in the paragraph covering grouping of study subjects, 1,402 HBsAg-positive individuals were HBV DNA-negative with the PCR conducted originally in China. Subsequently, we measured the viral loads of 34 random male subjects from the DNA "initially DNA-negative" group and 98 random male subjects from the DNA-positive group. Serum viral DNA concentrations were ≥10 4 copies/mL in 17.6% (6/34) of the DNA "negative" group and 89.8% (88/98) of the DNApositive group (data not shown). After 36 months of followup, only 10 HCC cases were found in these "initially DNAnegative" male subjects (1.39%, 10/719) compared to 36 cases in DNA-positive group (3.92%, 36/919). We also measured the baseline viral loads of 20 male HCC cases from which sufficient serum remained available; 85% (17/20) are ≥10 4 copies/mL (data not shown). In the future, we shall assess further the role of viral loads in the development of HCC in this cohort, and determine whether this factor acts independently of, or synergistically with, the BCP mutations and whether viral loads can be used as an additional biomarker to narrow down further the population at risk (i.e., those identified with BCP double mutations). Meanwhile, we will continue to follow up our cohort to determine whether the BCP mutations have the same value as a biomarker in women.
